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Abstract 
Amelioration of subsoil acidity using gypsum (CaS04.2Hz0) or lime (CaC03) was studied 
on sandy textured soils with low water holding capacity in a low rainfall environment. Field 
trials were established in 1989 at two sites on yellow sandplain soils to investigate whether 
different rates, sources and combinations of gypsum and lime application could be used to 
increase wheat and lupin yields. Gypsum increased wheat yields by up to 45% in the first two 
growing seasons whereas lime increased wheat yields by up to only 15% in the second season. 
The highest yields were generally recorded when gypsum and lime were applied together. The 
response of wheat to the various treatments varied both regionally and temporally and it 
is suggested that the inherent soil solution composition affected the magnitude and rapidity 
of wheat responses to  gypsum. The rate of gypsum application affected the longevity of 
the wheat responses, with a low application rate (1 t ha-') increasing yields for only one 
season. No differences in wheat yields were recorded between different sources of gypsum or 
application rates higher than 3 t ha-'. In contrast to  wheat, lupin yields were substantially 
lower on gypsum-treated plots. The yield decline did not appear to  be related to any simple 
nutritional factor and the gypsum effect was generally minimized when lime was added with 
the gypsum. The results indicated that lower rates of gypsum than used in previous subsoil 
amelioration studies were suitable for increasing wheat yields on sandy soils in low rainfall 
environments, and that gypsum should not be used if lupins are to  be grown within at  least 
2 years of its application to the soil surface. 
Introduction 
Subsurface acidity has been reported to impair plant growth and decrease 
crop yields in many areas of the world. The main cause of the decrease in yields 
is stunted root growth due to high aluminium concentrations in the subsurface 
soil, and therefore an inability of the plant to access subsurface sources of water 
and nutrients when the surface soil dries out (Adams and Moore 1983; Sumner 
e t  al. 1986). In some soils with subsurface acidity, it has been suggested that a 
low calcium concentration in the subsoil, rather than A1 toxicity p e r  se ,  is the 
main factor limiting plant growth in acidic subsoils (Bruce et  al. 1988; Shainberg 
e t  al. 1989). 
In the past, research from field trials has often shown that the addition of 
lime is only effective at ameliorating subsurface acidity if it is fully incorporated 
into the layer of soil which is responsible for the decreased yield (Reeve and 
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Sumner 1972; McKenzie and Nyborg 1984; Pinkerton and Simpson 1986; Farina 
and Channon 1988). In contrast, a single application of a high rate of gypsum to 
the soil surface has been reported to substantially increase the yield of a range 
of crops by up to 200% within the first season after application and maintain 
higher yields than those in unamended plots for several years (Hammel et al. 
1985; Farina and Channon 1988; Sumner and Carter 1988; Shainberg et  al. 1989; 
McCray et al. 1991). The use of gypsum for ameliorating subsurface acidity has 
recently been comprehensively reviewed by Shainberg et al. (1989). Although 
yield increases with gypsum are often lower than when lime is fully incorporated 
throughout the soil profile, it has been suggested that the improvement in plant 
growth when gypsum is surface-applied is more economically viable in farming 
systems (Farina and Channon 1988). 
Despite considerable research effort in recent years, the actual mechanisms 
by which gypsum ameliorates subsurface acidity are still poorly understood. In 
addition, most studies have investigated crop responses to only a single gypsum 
source (usually mineral gypsum or phosphogypsum) and a single, high rate of 
gypsum application. Responses of wheat to gypsum application have only been 
reported once (Shainberg et al. 1989) and lupin responses appear to have not 
been reported at all. The regional variability of the crop responses also does not 
appear to have been studied. It is difficult to predict, therefore, the appropriate 
rate or source of gypsum to best ameliorate subsurface acidity for different soil 
types, climates or crops, other than those reported, and it is not possible to 
predict the longevity of crop responses to  different rates of gypsum application. 
Table 1. Selected soil properties of the yellow sandplain soil at Carrabin 
Soil type: Deep yellow sandplain soil 
Parent material: Deeply weathered laterite and aeolian sands 
Classification: Gn 2.21 (Northcote 1979); Aquic Hapludox (USDA) 
Property 
Texture 
Description 
Topsoil (0-10 cm) Subsoil (15-25 cm) 
sandy loamA sandy clay loamB 
Water holding capacity (% vol) 5.5 10.7 
Organic matter (%) 1 .3  0 .7  
Dominant clay mineral 
Structure 
IM KC1 exchangeable A1 
(mg kg-1) 
CEC (cmolc kg-') 
AEC (cmol, kg-') 
PZC 
kaolinite 
massive 
29.7 
kaolinite 
massive 
86.7 
A 81.6% sand, 8.1% silt, 10.3% clay. 
72.2% sand, 8.0% silt, 19.8% clay. 
Subsoil acidity decreases crop yields in several areas of Australia, including a 
large area (c. lo6 ha) of naturally acidic yellow sandplain soils in the eastern 
wheatbelt in Western Australia. Recent field research has demonstrated that 
a high concentration of total aluminium (>20 p ~ )  in the soil solution below 
15 cm depth decreases wheat yields on these soils (Carr et al. 1991). The 
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sandy texture and low water-holding capacity of yellow sandplain soils (Table 1) 
and the low rainfall of the eastern wheatbelt (300-350 mm per annum) are 
considerably different to the heavier textured soils and higher rainfall environments 
(750-2000 mm) in other regions of the world in which plants have previously 
been reported to respond positively to gypsum. Evaporation exceeds rainfall in 
every month, giving an annual average water deficit of approximately 2300 mm. 
It  is uncertain, therefore, whether sufficient gypsum or lime could leach into 
the subsoil despite the coarse texture of the soil. In Western Australia, high 
purity grades of mineral gypsum occur naturally around many salt lakes and are 
potentially a readily available and relatively cheap source of gypsum for farmers 
to use. 
The aims of this paper are to establish the response of wheat and lupins to 
different rates and sources of surface-applied gypsum and to compare responses 
to gypsum with responses obtained by applying lime to the surface of a sandy soil 
in a low rainfa11 region. In a companion paper (McLay et  al. 1994), the changes 
to soil solution chemical properties following the application of gypsum and lime 
to the soil surface and the possible mechanisms of amelioration are discussed. 
Table 2. Annual rainfall (mm) at Merredin (55 km from 
Carrabin) and Trayning 
Year Merredin Trayning 
1989 
1990 
1991 
Long term av. 
(1903-1993) 
A N.A., not available. 
Materials and Methods 
Site Selection 
Two field sites were established in the eastern wheatbelt of Western Australia at Carrabin 
(32'S., 117OE.) and Trayning (31°S., 118OE.). The sites were selected on the basis of low 
pH (<pH 4.2) and high total aluminium concentration (>20 p ~ )  in the subsoil solution at  
15-25 cm. The sites had a similar soil type and annual rainfall (c. 300-350 mm); characteristics 
of the soil a t  Carrabin are given in Table 1. Annual rainfall for the period 1989-91 at  the 
two sites is given in Table 2. Rainfall was obtained from the farmer at Trayning, and a 
meteorological station at  Merredin which is 55 km west of Carrabin. The main difference 
between the soil a t  the two sites was a higher ionic strength and concentration of cations and 
anions in the soil solution a t  Trayning than the soil from Carrabin due to the closer proximity 
of the site to salt lakes. The maximum ionic strength in the soil solution in unamended 
subsoil a t  Trayning (c. 0.006 M) was higher than at  Carrabin (c. 0.002 M). A soil test recently 
published for the prediction of A1 toxicity in yellow sandplain soils (Carr et al. 1991) predicts 
that A1 would be less toxic to  wheat in the soil solution at  Trayning than the soil a t  Carrabin 
due to its higher ionic strength, and it was considered, therefore, that the wheat grown at  
Trayning may be less responsive to gyspum or lime application than the wheat grown at  
Carrabin. 
Field Trial Establishment 
Management of the trials was in accordance with the local district practice-that is, a 
rotation of 2 years of wheat followed by 1 year of lupins. The trials consisted of an incomplete 
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factorial design comparing the following gypsum and lime treatments which were replicated 
four times: 
three sources of gypsum (fine and coarse 'lakeside' ffypsum; phosphogypsum); 
three rates of gypsum application (1, 3 and 9 t ha- ) for each source; 
two rates of lime (2 and 4 t ha-'); 
four limexgypsum treatments (1 t ha-'fine gypsum+:! t ha-'lime; 3 t ha-' fine gyp- 
sum+2 t ha-'lime; 1 t ha-'finegypsum+4 t ha-'lime; 3 t ha-'finegypsum+4 t ha-' 
lime) ; 
control (no lime or gypsum added). 
Table 3 Chemical analysis of the three gypsum sources used to ameliorate subsurface 
acidity 
Source P K Ca Mg Na S Cd F Purity 
(%) (%) (%) (%) (%) (%) (mg kg-') (mg kg-') (%) 
Phospho- 0 .1  0 21.9 0 0 .1  17.2 0 .2  3800 93 .3  
gypsum 
Fine 0 0 23.1 0 . 3  0.1 18.2 0 < 5 98.6 
lakeside 
Coarse 0 0 22.5 0 .3  0 .5  17.2 0 16 94.7 
lakeside 
Lakeside gypsum is mineral gypsum derived from salt lakes in the wheatbelt region of 
Western Australia. Fine lakeside gypsum has a particle size predominantly (>95%) less than 
150 pm and is mined from a shallower depth than coarse lakeside gypsum which has a particle 
size greater than 150 pm (64% larger than 300 p m )  Phosphogypsum is a by-product of the 
superphosphate manufacturing industry. Purity of the gypsum sources ranged from 93 to 
97% with slightly higher purity in lakeside gypsum than phosphogypsum (Table 3). Higher 
concentrations of phosphorus and fluoride were present in the phosphogypsum, and higher 
sodium concentrations were present in the fine lakeside gypsum than in the other sources. 
The lime used was commercially available limesand which has a particle size less than 0 . 5  mm 
and a neutralizing value of 87%. 
The plots (25 m longxl .6 m width) were top-dressed with gypsum and/or lime in April 
1989 and the soil was cultivated to  a depth of 10 cm in the direction of the longer axis of 
the plots. With the onset of rain in May 1989, wheat (Triticum aestivum cv. Gutha) was 
drilled a t  a rate of 50 kg ha-' along with 250 kg ha-' Cu Mo Zn superphosphate. Quantities 
of 50 kg ha-' KC1 and 60 kg N ha-' as urea were then top-dressed on all plots. The rates 
of fertilizer application were chosen to ensure nutrient deficiencies such as Ca or S did not 
limit wheat growth and were based on previous wheat growth and nutritional studies on 
yellow sandplain soils (Carr et al. 1991; Carr 1992). SprayseedB herbicide (2 L ha-' ) was 
applied across all sites immediately before seeding. Post-emergent herbicides (Hoegrass@: 
diclofop-methyl and Brominil-Ma: dicamba) were applied as required. Grain yields were 
measured by harvesting the inside six rows with a small plot harvester (Wintersteiger or 
Hege-Model 125/C) in early November. In September, whole plant tops were collected for 
tissue analysis from selected plots to  establish whether the different amendments caused 
nutritional differences in the wheat. The plant material was dried at  60°C, ground less than 
1 .0  mm diameter, digested in nitric acid and analysed for major and trace elements using ICP. 
In 1990, the plots were redrilled with wheat with DAP (100 kg ha-') and urea (70 kg ha-'). 
In May 1991, narrow-leafed lupins (Lupinus angustifolius cv. Yorrel) were drilled at  a rate of 
100 kg ha-' along with 100 kg ha-' Cu Mo Zn superphosphate. Immediately prior to  seeding, 
the plots were sprayed with SprayseedB herbicide (2 L ha-') and Simazine (1 L ha-'). Grain 
yields were measured in early November as described above. In September, when it was 
apparent that yields would be substantially lower from gypsum plots, plant material was 
collected from selected plots for tissue analysis. Youngest emerged leaf blades were oven-dried 
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at 60°C, ground less than 1.0 mm and digested in concentrated nitric acid. Major and trace 
elements were measured on digested extracts using ICP. 
Statistical Analysis 
Yields were compared using ANOVA, Genstat V (Lawes Agricultural Trust, Rothamsted, 
United Kingdom) with an incomplete factorial model which was developed specifically for the 
trial design. 
Table 4. Levels of significance for differences between selected treatment means for wheat 
grain yields in 1989 and 1990 and lupin grain yields in 1991. 
(Rates: 1, 3 and 9 t ha-'. Sources: fine lakeside, coarse lakeside and phosphogypsum. 
Lime+gypsum rate: Lime +1 t ha-' and Lime +3 t ha-') 
Site Comparison 
Gypsum rate Gypsum source Lime rate Lime+ 
gypsum rate 
Carrabin 1989 n.s. ns.  n.s. * * 
1990 *** n.s. ns .  * * 
1991 *** ns.  ns .  ns .  
Trayning 1989 ns .  ns.  ns .  ns .  
1990 *** ns.  n.s. ns.  
1991 *** ns .  n.s. ns.  
** P < 0.01; *** P < 0.001; n.s., not significant. 
Results 
No differences ( P  < 0.05) in grain yield were recorded between sources of 
gypsum (Table 4) and only yields obtained from the fine lakeside gypsum source 
are therefore presented. 
Wheat Grain Yields-1989 
Grain yields of control plots were substantially higher at Trayning (1.55 t ha-l) 
than a t  Carrabin (0.39 t ha-l). The responses to the treatments also varied 
between the two sites. At Carrabin, plots which received gypsum had wheat 
yields approximately 45% higher (range: 39-55% for all rates and sources) than 
control plots (Fig. l a ) .  However, no differences ( P  < 0.05) were recorded between 
the rates (Fig. l a )  or sources (Table 4) of gypsum used. The largest increases 
in yield (up to 77% higher than control plots) were observed when gypsum and 
lime were applied together. A higher yield ( P  < 0.01) was recorded when the 
higher rate of gypsum (3 t ha-l) was used than when the lower rate of gypsum 
(1 t ha-l) was used in combination with lime (Fig. l a ,  Table 4). 
At Trayning, none of the amendments affected the yield of wheat ( P  < 0.05; 
Fig. lb). No differences ( P  < 0.05) were recorded between rates or sources of 
gypsum, rates of lime, or lime plus gypsum added together (Table 4). However, the 
highest yields tended to occur with lime and gypsum added together, particularly 
when the higher rate of gypsum was used. 
The concentration of some nutrients in the plant material differed between 
amendments, but differences were also recorded between the two sites (Table 5). At 
Carrabin, calcium, sulfur and manganese were higher in plots which had received 
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Fig. 1. Grain yield ( t  ha-') of wheat (a-d) and lupins (e-f) in response to different rates 
of application of gypsum and lime at  Carrabin and Trayning. Treatments were applied in 
April 1989. 
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gypsum than control plots, whereas plots which had received lime had significantly 
lower concentrations of calcium and manganese. At Trayning, concentrations of 
nutrients were generally lower than at  Carrabin (with the exception of manganese 
which was considerably higher). Potassium and manganese were present in higher 
concentrations in plants from gypsum-treated plots and manganese was lower in 
plants from lime-treated plots. 
Wheat Grain Yields-1 990 
All wheat yields were considerably higher in 1990 than in the previous season 
(Carrabin control yield: 0.87 t ha-l; Trayning: 2 . 2  t ha-l) due to more rainfall 
and a better distribution of rainfall over the season. Gypsum applied at rates 
higher than 1 t ha-l increased the yield of wheat ( P  < 0.05) at both sites (Fig. l c ,  
4 .  
At Carrabin, the yield of wheat in the presence of 3 or 9 t gypsum ha-' was 
greater (P < 0.05) than when 1 t ha-l was applied (Fig. lc ;  Table 4). When 
gypsum and lime were applied together, yields were greater ( P  < 0.01) when 
3 t ha-l gypsum was added with the lime than when 1 t ha-' was added. At 
Trayning, the yields also increased with rate of application, with higher yields 
than the control ( P  < 0.05) recorded with the 3 and 9 t ha-' application rates 
(Fig. Id ;  Table 4). 
In contrast to the previous year, wheat yield at both sites responded to lime 
(P < 0.05) in 1990, although at Carrabin this response was only significant with 
the lower rate of lime application (2 t ha-l). 
Table 5. Concentrations of nutrients in wheat whole plant tops collected &om selected plots 
at the two field trial sites in September 1989 
Values followed by a different letter within a site and for a particular nutrient are significantly 
( P  < 0.05) different 
Treatment N P K Ca Mg S Cu Mn Zn 
% mg kg-' 
Carrabin Site 
Control 0.96a 0.07a 0.5ga 0.23a O.OSa O.lOa 1.55a 40a 10.7" 
FL (3 t ha-l)A 0 .8Sa 0.07a 0. 61a 0 .33b O.Oga 0.14~ 1. 43a 6ob 10.0" 
Lime (2 t ha-') 0 .9ga O.OSa 0. 6sa 0.20' O.Oga 0. loa 1. 55a 33' 10.5a 
~ ~ + L i r n e ~  0.87a 0.07a 0.65a 0.28~ O.Oga 0 . 1 2 ~  1.45a 51d 9.4a 
Trayning site 
Control 0.75" 0.07a 0.71a 0.15a 0.07a 0.07a l.lOa 115a 8.ga 
FL (3 t ha-l)A 0.81" 0.08" 0.75~ 0.17a 0.07a O.lOa 1.33a 130b 11.7a 
Lime (2 t ha-') 0. 73a 0.06a 0.65' 0.22~ 0.07a 0. loa 1. 33a 109' 1 0 ~ 9 ~  
~ L + l i r n e ~  0.76a 0.07a 0.77~ 0.15" 0 ~ 0 7 ~  O.Oga 1.20a 113a 10.1" 
A Fine lakeside source of gypsum. 
(3 t ha-') fine lakeside gypsumf(2 t ha-') lime. 
Lupin Grain Yields-1 991 
The grain yield of lupins in control plots was similar at  both sites (c. 
0.5-0.6 t haF1). Addition of gypsum at rates greater than 1 t ha-' markedly 
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Table 6. Nutrient analysis of lupin plant material (youngest emerged leaves) collected &om selected treatment plots at Carrabii in September 1991 
Values represent the mean of four replicate plots (f 1 standard deviation) 
Control 0.35 
(0.05) 
F L ~  (3 t ha-') 0.47 
(0.14) 
F L ~  (9 t ha-') 1.01 
(0.21) 
Lime(4tha- l )  0.31 
(0.03) 
F L ~  (3 t ha-') 0.37 
+ lime (4 t ha-') (0 .O6) 
---- -- 
A Fine lakeside source of gypsum. 
l is s) fr rabin 1
t ±
decreased lupin grain yields at Carrabin, although this decrease was only significant 
(P < 0.05) at the highest application rate (Fig. le ) .  There was also a trend for 
lower yields as the rate of gypsum which was added with lime increased. The 
application of lime alone, however, had little effect on lupin yields. 
At Trayning, lupin yields also markedly decreased as the rate of gypsum 
increased (Fig. 1 f ), with lower (P < 0 05) yields recorded with 3 and 9 t haF1 
applications. The addition of lime, with or without the addition of gypsum 
either had no effect, or slightly increased lupin yields. There was a significant 
(P < 0.05) interaction between rates and sources of gypsum at Trayning with 
fine lakeside gypsum at the lowest rate (1 t ha-l) resulting in lower yields than 
coarse lakeside or phosphogypsum. 
The concentration of macro-nutrients present in the youngest emerged leaf 
blades of lupins was similar at  both sites, while there was a slightly higher trace 
element content of the plant material at  Trayning than at Carrabin. Sulfur was 
highest in p1ot;s which received gypsum only, and increased with the rate of gypsum 
application (Table 6). Calcium was higher in both gypsum- and lime-amended 
plots than control plots and magnesium was slightly lower in gypsum-treated 
than other treatment plots. Potassium was higher in plants from gypsum-treated 
plots and there was an inverse linear relationship (r2 = 0.95) between lupin grain 
yield and the ratio K/Mg in the youngest emerged leaf blades. 
Discussion 
The yield of wheat increased in the presence of gypsum. The increase was 
a function of soil solution composition, gypsum rate, the presence of lime and 
the number of years since application. In contrast to wheat, the application 
of gypsum substantially decreased lupin yields by up to 85% at  the highest 
application rate, despite the gypsum being applied 2 years prior to the lupins 
being sown. 
The greater increase in wheat yields with gypsum over the first two growing 
seasons than with surface-applied lime is consistent with previous reports for 
a variety of crops that gypsum increases yields on soils affected by subsurface 
acidity and that lime is only effective at  increasing yields if fully incorporated 
into the subsoil. However, despite increases up to approximately 45%, absolute 
yield increases were still fairly low and it is unlikely that gypsum application 
will be economically viable for wheat in the longer term on the deep sandy 
soils of the low rainfall region. The temporal and regional variability in the 
response of wheat to the different gypsum and lime applications indicates that 
results from gypsum field trials may not be readily transferred from one region 
to another, even within a similar soil type and climatic environment. The two 
sites received similar rainfall and the main difference in the soils at the two sites 
was a higher ionic strength and concentration of cations and anions in the soil 
solution at  Trayning than at  Carrabin; these are factors that have previously 
been shown to decrease the severity of aluminium toxicity to wheat growth on 
yellow sandplain soils (Carr et al. 1991). Regional variability does not appear to 
have been considered in many past studies of subsoil amelioration but is clearly 
an important factor. 
Calcium deficiency is often associated with A1 toxic subsoils and it can be 
difficult to  differentiate between amelioration of A1 toxicity and Ca deficiency 
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when gypsum is applied to soils (Bruce e t  al. 1989; Shainberg et al. 1989). 
Previous research with wheat on yellow sandplain soils indicated that sufficient 
Ca was applied in the basal fertilizer application to prevent Ca deficiency limiting 
growth (Carr et  al. 1991), and that the Ca content of the wheat shoot material 
from control plots was adequate for wheat growth (Snowball and Robson 1986). 
It is suggested, therefore, that Ca deficiency did not limit wheat growth in the 
experiment and that the amelioration of A1 toxicity by gypsum enabled improved 
uptake of Ca by wheat. The lower concentrations of manganese in plant material 
from lime-treated plots than control plots at Carrabin indicates that future use 
of lime on these soil types may induce Mn deficiency. The lower concentrations 
of nutrients generally in the plants from Trayning than Carrabin is probably due 
to the higher dry matter production at that site. 
Responses of plants to gypsum applications in soils are also sometimes attributed 
to an improvement in soil physical properties (Shainberg et al. 1989). Studies 
of physical soil characteristics at the site in 1991 indicated that no differences 
existed in the water infiltration rate (approximately 11.5 mm h-' at 10 mm 
tension) (T. Proffitt, personal communication) or profile penetrometer resistance 
(H. Daniel, personal communication) between control and gypsum plots at the 
site. Soil structural problems have not prev~ously been reported on deep yellow 
sandplain soils. 
The rate of gypsum application was an important factor influencing the 
longevity of plant responses. At both sites, a 1 t haw1 application of gypsum 
was insufficient to maintain higher wheat yields for two seasons. There was no 
difference in wheat yields between the higher application rates, however. In the 
past, gypsum has frequently been applied to crops at rates higher than 10 t ha-l 
to ameliorate the effects of subsurface acidity (e.g. Hammel et al. 1985; Sumner 
et al. 1986; Sumner and Carter 1988), but this study showed that the maximum 
yield benefit could be obtained at considerably lower rates on sandy soils in 
low rainfall areas. The decrease in lupin yields that became more pronounced 
as the rate of application increased would necessitate lower application rates 
in the Western Australian wheatbelt. In contrast to gypsum, the rate of lime 
applied appeared to have less impact on yields, with no apparent advantage in 
applying 4 t ha-l compared with 2 t haw1. The higher wheat yields obtained, 
when increasing the rate of gypsum added with lime, are consistent with increases 
due to gypsum rates alone as described above. 
No differences were observed in wheat or lupin yields between the different 
sources of gypsum, which suggests that the mechanism of amelioration by the 
different sources is similar. Although it has been suggested that finer textured 
gypsum may invoke more rapid amelioration of subsurface acidity than coarser 
textured gypsum due to more rapid dissolution (Shainberg e t  al. 1989), the results 
reported in this research do not support this suggestion. 
Adverse effects of gypsum on lupins (acid-tolerant legumes) have not been 
previously reported, although it has been suggested that liming can decrease 
lupin yields (White and Robson 1989a, 1989b; Jessop e t  al. 1990). The negative 
effects of liming in those studies were attributed to excessive concentrations of 
bicarbonate or induced iron deficiency (White and Robson 1989a, 1989b) and 
high calcium concentrations (Jessop e t  al. 1990). However, these are unlikely to 
be important factors in this study because the negative effect of gypsum was 
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generally decreased by the addition of lime with the gypsum (Fig. 2 e , f ) .  Although 
the magnesium concentration of the youngest emerged leaf blades of lupins from 
the gypsum-treated plots in the study was lower than non-gypsum-treated plots, 
it was still within the acceptable levels for lupins (Snowball and Robson 1986; 
Alva and Edwards 1990). Potassium has been reported to exert an antagonistic 
effect on magnesium in plants (Ritchey et al. 1987) and it is possible that the 
decrease in lupin growth as the K/Mg ratio increased may therefore be due to 
increased magnesium deficiency in the presence of higher amounts of potassium. 
The elevated sulfur concentration in lupins is unlikely to be an important factor 
affecting lupin yields, as sulfur toxicity has not previously been reported in 
lupins, and recent glasshouse experiments (unpublished data) have shown that 
high concentrations of sulfur and calcium cannot simply explain the lower lupin 
yield. Examination of roots in the field indicated that functioning nodules were 
present on roots in both unamended and gypsum-treated soils, and although the 
plants were substantially smaller in gypsum-treated plots, there were no signs of 
nitrogen deficiency. Lupins play an important role in the nitrogen nutrition of 
soils in the eastern wheatbelt, and it is essential, therefore, that the mechanism 
by which lupins are adversely affected by gypsum application is fully understood 
if gypsum is to be considered as a possible ameliorant of subsurface acidity in 
the region. 
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